Background. Functional MRI studies have begun to identify neural networks implicated in visuospatial working memory in healthy volunteers and patients with schizophrenia. The study of schizotypal personality disorder (SPD) provides regional analysis in unmedicated patients in the schizophrenia spectrum.
INTRODUCTION
Cognitive deficits within the schizophrenia spectrum account for much of the functional impairment seen in these disorders. An important aspect of the cognitive deficit is impairment in working memory, the capacity to maintain information in temporary storage for immediate manipulation and use. Working memory is significantly compromised in both schizotypal personality disorder (SPD) (Park et al. 1995 ; Park & McTigue, 1997; Roitman et al. 2000 ; Siever et al. 2002) and in schizophrenia (Fleming et al. 1997 ; Keefe et al. 1997 ; Park et al. 1999) , but more severely in schizophrenia than in SPD.
SPD shares many features in common with schizophrenia including family history, psychophysiology, phenomenology, and some neuroanatomical features .
However while SPD patients do not show the classical psychotic symptoms of hallucinations or delusions, they do show more modest cognitive impairment, intermediate between schizophrenic patients and normal controls. Studies of SPD patients allow investigation of neurocognitive processes in the schizophrenia spectrum while minimizing such confounds as exposure to neuroleptic medication, histories of institutionalization, poor nutrition or other biomedical artifacts of severe mental illness encountered in studies of schizophrenic patients. The absence of positive psychotic symptoms that could interfere with the assessment of cognitive processes may be an additional methodological advantage.
Functional neuroimaging studies have begun to delineate the networks involved in spatial working memory in healthy subjects, identifying increased activity in the ventral prefrontal cortex [Brodmann area (BA) 44/45/47], the supplementary motor area (BA 6), the premotor area (BA 6), the dorsolateral prefrontal cortex (BA 9/46), and various parietal regions (BA 40/19/7) (Jonides et al. 1993 ; McCarthy et al. 1994 , and see D'Esposito et al. 1998 for a review).
In schizophrenic patients, PET, SPECT and fMRI studies of working memory have been carried out using such tasks as the Wisconsin Card Sort task (WCST) (Weinberger et al. 1988) , the 'N-back ' memory task (Callicott et al. 1998) , the Sternberg Item Recognition Paradigm (Manoach et al. 1999 ) and word-list learning (Fletcher et al. 1998) , which call into play different forms of working memory. Reduced frontal lobe activity in comparison to normal controls has been widely observed in patients with schizophrenia, as reviewed elsewhere (Andreasen et al. 1997 ; Buchsbaum & Hazlett, 1998 ). This has also been shown for tasks involving verbal memory (Buchsbaum et al. 1999; Hofer et al. 2003a, b ; Kumari et al. 2003) . In a study with the N-back workingmemory task, BA 9, 10, 44, 46 and 47 showed decreases in patients and BA 6, 8 and parts of 10 and 46 showed patients more active than normal (Callicott et al. 2003) .
To date two functional neuroimaging studies of SPD patients employing a working-memory task have implicated dysfunction in the frontal lobe. The first, compared SPD patients and healthy control (HC) subjects as they carried out the WCST, a task that involves object working memory and executive function (Buchsbaum et al. 1997) . Normal patients showed more activation in the precentral gyrus, while SPD patients showed greater activity in the middle frontal gyrus. The second study compared regional metabolic activity between SPD patients, schizophrenic patients, and healthy volunteers during a task involving verbal working memory . Patients with schizophrenia showed less activation than HC subjects or SPD patients in BA 9 and 46. In BA 10, SPD subjects showed the greatest activation, schizophrenia patients less activation and HC subjects least activation.
The present study examines regional activation in SPD and HC subjects as they carry out a spatial working-memory task adapted from the task of Keefe et al. (1997) . This task demonstrates poorer spatial memory in SPD than normal controls (Roitman et al. 2000) and has demonstrated test-retest reliability (Bollini et al. 2000) . Our study employs an event-related design to aid in differentiating activation during the maintenance phase of working memory from that during manipulation, retrieval and responding. To avoid the potential confound of differing levels of performance between groups, we developed a task at which SPD and HC subjects performed comparably following the recommendations of other groups (e.g. Weinberger & Berman, 1996) . We carried out a region-of-interest (ROI) analysis examining regions that other investigators reported to be activated during working-memory tasks. This hypothesis-driven approach minimizes Type II error and permits direct comparison with other fMRI studies. Tests of replicability between studies are particularly important in this area because of the great variability in locations of activation reported in different studies (D'Esposito et al. 1998 ; Manoach, 2003) .
We hypothesize that, while performing the spatial working-memory task, SPD patients will show decreased activation compared to HC subjects during the memory maintenance period in those regions identified in the literature as part of the spatial working-memory network. In addition, we will test whether regions identified in the literature as implicated in working memory in healthy volunteers are activated in our sample of healthy subjects.
METHOD Subjects
Subjects were six medication-free SPD patients and seven HC subjects between the ages of 20 and 50 years. The SPD patients met DSM-IV criteria for SPD and did not meet criteria for past or present schizophrenic disorder, bipolar I disorder, schizoaffective disorder, substance dependence, organic mental syndromes, head trauma, CNS neurological disease, or seizure disorder, or, within 6 months prior to entry, substance abuse disorder. HC subjects had no DSM-IV Axis-I or Axis-II disorder and no firstdegree relatives with a DSM-IV Axis-I disorder. Subjects were free of psychotropic medication for 2 weeks prior to the study and had no significant medical illness.
For diagnostic assessments we used the Schedule for Affective Disorders and Schizophrenia (SADS) and the Structured Interview for Personality Disorders (SID-P), administered by experienced interviewers (with an inter-rater reliability kappa of 0 . 73 for diagnosing SPD and 0 . 98 for schizophrenia).
Task
The visuospatial working-memory task, adapted from the paper-and-pencil dot test of known reliability (Bollini et al. 2000) and modeled on the functional imaging task of Jonides et al. (1993) , requires the subject to remember the locations of three dots over a 29 . 8 s delay period and then to respond to a query display in which one dot is presented and the subject is required to press a button to indicate whether that dot location had appeared in the immediately preceding three-dot pattern (Fig. 1) .
BOLD fMRI images (event-related design) were acquired as the subjects performed 30 trials, 15 memory trials and 15 control trials grouped in five blocks of six trials each, with the control and memory trials alternating in each block. Subjects viewed the task images backprojected onto a screen located in front of the magnet bore.
Imaging methods
Thirty BOLD images of the whole brain were obtained at 2-s intervals over the 60-s duration of each trial (GE Signa LX 8.2.5 1.5 T system, real-time gradient echo EPI sequence: TR=2 s, TE = 40 ms, flip angle = 90x, FOV = 23 cm, matrix =128r128, thickness =5 mm, skip = 2 . 5 mm). Fourteen transverse planes covered the whole brain.
Anatomical images were obtained for coregistration (SPGR sequence ; repetition time= 24 ms, echo time=5 ms, flip angle=40x), for contiguous 1 . 2-mm-thick axial slices, with a 256r256 pixel matrix in a 23-cm field of view.
Head motion was minimized by means of a pillowed head cradle and a tape restraint across the subject's forehead.
Image processing BOLD signals were pre-processed by removal of the mean and linear trends, and digital spectral filtering to remove low-and high-frequency values outside the range of the primary blood flow response. Each set of successive fMRI brain images was co-registered in 3D to the first set of each of the 14 slices at time 0 for each trial (AIR 3.08), and subjects whose average transformation over all images was >2 mm were excluded.
ROIs
ROIs were defined a priori on the basis of published reports that identified the Talairach coordinates of regions activated during workingmemory tasks in healthy subjects or in patients with schizophrenia (Table 1 ). Since each of these regions would be a replication of a published result with our independent sample, it was appropriate to apply a p<0 . 05 criterion. It would be unfair to any earlier study to report that we failed to replicate when our independent test reached p<0 . 05. In addition to reducing Type II errors, this approach tests the replicability of findings across imaging studies. Five studies that examined working memory provided the basis for the ROIs. The first (D'Esposito et al. 1998) was selected because it presented data synthesized from 24 functional neuroimaging studies of working memory in healthy volunteers. This report provided the mean Talairach coordinates across these studies of the local maxima of activations in the dorsal and ventral prefrontal cortex for spatial workingmemory tasks. The second study (Rowe & Passingham, 2001 ) was selected because it used an event-related fMRI spatial working-memory design to distinguish between maintenance and selection/retrieval processes. The third study was a PET study (Jonides et al. 1993 ) which used a working-memory task similar to ours. The fourth study (Manoach et al. 2000) , which employed a verbal working-memory task, was selected because it included a group of patients with schizophrenia as well as HC subjects. The fifth (Kindermann et al. 2004 ), a spatial workingmemory fMRI study, compared schizophrenic patients to HC subjects. We hypothesized that in each of the locations reported in these studies to be activated during a working-memory task, we would find greater maintenance period activation in healthy volunteers than in SPD patients, in the memory condition compared to the control condition.
We defined ROIs (8 mmr8 mmr7 . 5 mm) centered at the Talairach locations specified in the cited papers. These regions were applied proportionately to each individual structural MRI and the BOLD value assessed on the co-registered BOLD image. Co-registration was carried out using a six-parameter affine transformation (x, y, z translation and rotation in each plane). In some cases, Talairach coordinates for cortical surface areas would fall outside an individual's MRI indicated by zero activation. In these instances we translated the center of the ROI slightly along a radial path to For each trial the three-dot stimulus is presented for 200 ms and is followed by a fixation cross for the duration of the 29 . 8 s memory retention (maintenance) period. This is followed by a query display, presented for 2 s, and then a 28-s inter-trial interval. In the control condition, subjects are presented with an initial stimulus pattern, a pattern of 3 x's, comparable in visual complexity to the experimental stimulus, but which need not be remembered to correctly respond to the query. This is because when the query screen appears in the control condition, the subject is shown the three-dot stimulus pattern in a panel alongside the panel with the probe dot. As in the experimental trial, the initial stimulus appears for 200 ms, is followed by a 29 . 8 s fixation cross, and a 2 s presentation of the query screen. The control task is comparable to the experimental task in visual stimulus complexity, timing, decision-making requirements and motor response, and differs only in the absence of a working-memory requirement. Each memory and control trial has a duration of 60 s, including the interstimulus interval.
the center of the slice (Talairach x=y=0) so that the entire volume was contained within the brain. ROI boxes that were above the brain in the z-plane were moved down 7 . 5 mm. Boxes that fell in the longitudinal fissure were divided into two separate boxes, one right and left of the midline by 8 mm. We excluded those few regions in subjects in which the ROI continued to partially lie outside of the brain even after these spatial adjustments.
Data analysis
For each ROI we obtained the mean activation of all voxels within the region at each of the 30 time-series points for each trial. To test for BOLD activation in response to the visual stimulation, we examined the main effect of time in a repeated-measures analysis of variance (ANOVA) in all the ROIs cited in the literature.
To test for spatial working-memory activation in the HC subjects in those regions indicated in the literature to be involved in spatial working memory, a repeated-measures ANOVA was carried out at each ROI with time, condition (memory versus control), and task (retention versus retrieval/response) as the within-subjects measures. For the comparison between groups, a repeated-measures ANOVA was carried out at each ROI with time, condition, and task as the within-subjects measures and group (HC versus SPD) as the between-subjects variable. An additional exploratory comparison added hemisphere as an additional repeated measure for those regions which had results reported for both hemispheres.
RESULTS
Data from two of the seven HC subjects were not included in the analysis because of a damaged data file in one instance and extreme outlier BOLD values in the other. Table 2 displays characteristics of the included subjects. The two groups were similar in age and gender. The SPD subjects had less education than the HC subjects. The split-half reliability (Spearman-Brown) for the working-memory task was 0 . 83 ( p<0 . 005) in the control condition and 0 . 40 ( p=N.S.) in the memory condition. Both SPD and HC subjects performed better (a higher percentage of correct responses) on the control task than on the memory task and the HC subjects performed better on each task than the SPD subjects, although the differences did not reach significance ( The results for all the ROIs examined are presented in Table 1 . For 35 of the 79 ROIs examined, there was a significant main effect of time, indicating a time-varying BOLD activation in these regions in response to the performance of the task.
Regional activation in healthy volunteers
During the memory maintenance period, there was significantly greater activation in the memory task than the control task in right ventral prefrontal cortex (BA 44/45/47), right and left lateral premotor areas (BA 6), right inferior frontal gyrus, left posterior parietal cortex (BA 19/40/7), left intraparietal cortex, left medial parietal cortex (precuneus), right inferior parietal cortex, right prestriate cortex, and right and left superior parietal lobule/intraparietal sulcus (Table 1 ). In the left superior temporal gyrus, greater activation was found during the memory task than during the control task in the retrieval/response period (Table 1) . Representative time series are shown in Fig. 2 .
Regional activation in SPD patients compared to healthy volunteers To determine whether the SPD patients compared to healthy volunteers showed different levels of activation in the ROIs, we examined timerconditionrtaskrdiagnosis interactions (see Table 1 ). During the maintenance period in the memory condition, the SPD patients showed significantly decreased activation compared to the HC subjects in the left ventral prefrontal cortex (BA 44/45/47) (' A ' in Table 1 , Fig. 4) , the left superior frontal gyrus (BA 10) (' C ' in Table  1 and Fig. 4) , the left intraparietal cortex (' B ' in Table 1 , Fig. 4) , and the left posterior inferior frontal gyrus (BA 44) (' D ' in Table 1 , Fig. 4) and decreased activation at a trend level in the left lateral premotor cortex (BA 6), and the left precentral gyrus. The SPD patients showed less memory versus control condition activation difference than healthy volunteers during the retention period in the left superior temporal gyrus (' G' in Table 1 ) and trends for greater activation than HC subjects during the retention period in the right middle frontal gyrus (BA 46) (' E ' in Table 1 , Fig. 4 ) and the right prestriate cortex (' F ' in Table 1 , Fig. 4) . A representative time series showed decreased activation in SPD patients compared to HC subjects during the retention period in the memory condition in the left posterior inferior frontal gyrus (BA 44) (Fig. 3) . The regions with the key conditionr taskrtimerdiagnosis interaction are shown in Fig. 4 . We examined lateralization with a five-way ANOVA with hemispherertimerconditionr taskrdiagnosis interactions. For the four D'Esposito regions, while there were some interactions (timerhemisphere), no interaction involving condition or diagnosis was significant. For the nine Rowe regions, only the medial parietal region showed a significant hemisphererconditionrtime effect (F=1 . 90, df= 13, 117, p=0 . 027) with a greater left hemisphere effect. For the 11 Manoch regions, only the middle frontal gyrus showed a significant hemisphererconditionrtime effect (F=2 . 90, df=13, 117, p=0 . 001) greater on the right in the memory condition and greater on the left in the control condition.
DISCUSSION
A strength of the present study is its eventrelated design, which allows us to select the maintenance (and encoding) phases of the working-memory task, apart from manipulation, retrieval and response selection. In contrast, block design fMRI, PET and SPECT measure activation associated with the sum total of all of these components. We have confirmed a number of findings reported in healthy volunteers and demonstrated a pattern of decreased activation in SPD compared to HC subjects in regions shown to be involved in working memory in healthy subjects.
This study provides evidence that, during the encoding/maintenance period in a visuospatial working-memory task, healthy volunteers show increased BOLD activation in the right ventral prefrontal cortex (BA 44/45/47), the right and left lateral premotor areas (BA 6), the right inferior frontal gyrus, the left posterior parietal cortex (BA 19/40/7), the left intraparietal cortex, the left medial parietal cortex (precuneus), the right inferior parietal cortex, the right prestriate cortex, and the right and left superior parietal lobule/intraparietal sulcus. These findings are consistent with observations reported elsewhere. D 'Esposito et al. (1998) identified the right ventral prefrontal cortex and the left and right premotor areas as areas of increased activation during spatial working-memory tasks. The left intraparietal cortex was identified by Rowe & Passingham (2001) as activated during maintenance and response selection in a visuospatial working-memory task. The right inferior parietal and prestriate cortices and the left medial FIG. 4 . Talairach locations of replicated regions. Location of regions with conditionrtaskrtimerdiagnosis in our data analysis which were replicated from other studies (see Table 1 ). Regions with p=0 . 05 were chosen for illustration (E=0 . 054). The letters A-G refer to the locations flagged in Table 1 . Green indicates regions with less activity in SPD subjects compared to controls ; red indicates regions in which SPD subjects show greater activity than controls.
parietal cortex were regions found by Rowe & Passingham (2001) to be activated during the process of selection from memory. Manoach et al. (2000) reported activation in the right and left superior parietal lobule/intraparietal sulcus in normals during performance of a verbal working-memory task. In the superior temporal gyrus, normal controls showed a small positive activation difference between the memory and control condition (memory minus control BOLD values) during the retention period and a larger positive activation difference (memory minus control BOLD values) during the retrieval period (' G ' in Table 1 ). It should be noted that in the applications of significance probability mapping in Table 1 , specific tests of right minus left difference were not reported. In the instances where both right-and left-sided regions were reported, we subjected our data to exploratory five-way ANOVA with hemisphere as an additional repeated-measures factor. In most cases, significant interactions with hemisphere were not found and no region produced a significant conditionrtask interaction.
Compared to healthy volunteers, SPD patients performing a visuospatial workingmemory task show decreased BOLD activation in the left ventral prefrontal cortex (BA 44/45/ 47), the left superior frontal gyrus (BA 10), the left intraparietal cortex, and the left posterior inferior gyrus (BA 44) and decreased activation at a trend level in the left lateral premotor cortex (BA 6), and the left precentral gyrus during the period that they are maintaining the spatial locations in memory. In addition they show a trend for greater activation in the right middle frontal gyrus (BA 46) and the right prestriate cortex. In agreement with Kindermann et al. (2004) for the left superior temporal gyrus SPD patients showed less activation difference (memory condition minus control condition) than normal volunteers during the retention period (' G', Table 1) .
While the present study is, to our knowledge, the only published study examining regional activity in SPD patients as they carry out a visuospatial working-memory task, functional imaging studies of SPD patients engaged in other working-memory tasks provide some convergent observations. Buchsbaum et al. (1997) found decreased activation in the precentral gyrus in their SPECT study of SPD patients carrying out the WCST. In a separate PET study of SPD patients carrying out a serial verbal learning task Buchsbaum et al. (2002) found decreased metabolic activity in BA 44.
We considered the alternative hypothesis that reduced BOLD activation might signify more efficient rather than impaired processing. However, recent evidence from event-related fMRI studies suggests that increased activation is associated with better performance (Rypma et al. 2002 , Rypma & D'Esposito, 2003 . It is possible, however, that more efficient processing could be associated with a different regional allocation of resources in which activity in certain regions would be diminished but this would be compensated for by increased activity in other regions. This possibility is suggested by our finding that there were increases in BOLD signal in the right middle frontal gyrus (BA 46) and the right prestriate cortex.
Some but not all of the areas in which we found decreased activation have also been found to have activation differences between normals and patients with schizophrenia although BA 44 (inferior posterior frontal cortex) showed activation in patients with schizophrenia but not normal controls (Manoch et al. 2000) . This suggests that normals and patients with SPD and schizophrenia may show different compensatory activation patterns.
There are a number of limitations to the present study. First, the small sample size limits the generalizability and power of the study and may explain our failure to find involvement of other regions in spatial working memory reported in the literature. Power estimates based on the fMRI area underneath the curve to estimate conditionrdiagnostic group interactions for the memory retention period showed medium to large effect sizes but limited power (e.g. condition difference scores for left dorsolateral prefrontal cortex (DLPFC) and lateral premotor area (LPM) had 34 % power for a two-tailed p<0 . 05 difference between groups). However despite the small sample size we were able to replicate a sizable number of previously reported findings in normals. A second possible limitation is our transformation of all subjects' anatomic and BOLD images to a common Talairach space. While this method makes it possible to compare our findings directly with those of others, if there were systematic ana-tomical differences between the SPD and HC groups, a given Talairach location in the normalized brain might correspond to different anatomical regions in the two groups, introducing artifactual findings. To test for this possibility, we undertook an analysis to determine the extent to which possible morphological differences between SPD and HC subjects could lead to systematic differences in the Talairach transformation. The Talairach transformation adjusts the brain proportionately according to six measured values, the anterior to posterior commissure (AC-PC) distance, the anterior to AC distance, the PC to posterior distance, the AC to left and right brain margins and the superior to inferior brain dimensions. We measured these parameters in a group of 22 HC subjects, 20 schizophrenia patients and six SPD patients and found no significant differences between the groups. This makes it unlikely that our finding of differential activation between groups is an artifact of the transformation to a common Talairach metric. Variation in the cortical folding and position within the cortical surface may not be fully adjusted by the Talairach transformation and would tend to diminish power to detect group differences and condition effects. Choosing the Talairach coordinates of the center of a maximum effect from an independent study and the use of the appropriate p<0 . 05 statistical level would tend to counter the power deficit problems associated with subject number, brain shape and cortical folding variation.
This study provides evidence that, compared to healthy volunteers, SPD patients show decreased activation during the maintenance period in a visuospatial working-memory task, in a number of regions associated with working memory. Since patients did not differ in task performance from normal subjects, this suggests that some alternative area processed information not processed in the prefrontal region. Two candidate regions are the right middle frontal gyrus (Talairach coordinates : 35, 31, 40) and the right prestriate cortex (Talairach coordinates: 16, x94, 2), where there was a trend level increase in activity in patients compared to normals. A larger sample will be necessary to confirm this, especially since the areas used in compensation for frontal deficits may be idiosyncratic. In addition, by demonstrating increased activation during the task in healthy volunteers in ROIs reported in the literature, this study provides partial replication of these studies.
